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The importance of titrations in nonaqueous solvents as an analytical method is increasing; not only .has more sophisticated instrumentation become available, but theoretical knowledge about the physicochemical processes which govern titrations in nonaqueous solvents has extended very much in recent years. Especially the titrations of Brransted acids and bases have been the subject of numerous studiesla2, and most applications relate to these particular titrations. It is of great importance to make a proper choice of the solvent and the titrant when such titrations are applied to the analysis of a given compound, i.e. knowledge about acid-base strengths in the various solvents is an absolute necessity. Only when all equilibria occurring during a neutralization and their corresponding equilibrium constants are known, can one calculate whether this neutralization can be successfully used in an analytical titration. For the more common acids and bases in a number of solvents like acetonitrile3, dimethylsulfoxide4, dimethylformamide such is indeed the case. Empirically it has been found that solvents with a relatively low dielectric constant such as acetic acid6, 1,2-dichloroethane ' and pyridine', can also be effectively used as a medium for acid-base titrations. Some rules with regard to the choice of a solvent for a particular titration can be found from the classification of the solvent according to Brnrnsted g* lo. Here the solvents with a relatively low dielectric constant are classified as numbers 5-8 (cf : Table I ). It is to be expected that the behaviour during titration of a compound in solvents belonging to the same Brcansted class will not be too different, so that from pK,, determinations in representatives of each of the Brsnsted classes, one can obtain an impression of the usefulness of these solvent classes in acid.-base titrations. With that purpose acid-base strengths were determined in the solvents pyridine' r* * z (class 7) nr-cresol ' 3 (class 5) and 1,2-dichloroethanei4 (cIass 8). In the evaluation of the results obtained, the following tlzeoretical considerations may serve. The acidity of a compound in a particular solvent can best be expressed as its pK, value, the negative logarithm of the equilibrium constant of the overall dissociation :
where SH is the solvent and HX an acid. The equifibrium constant is given by
hence pR;'x =: -log (%n; * (ix -Y%x
One can also write The difference in pK, value of compound HX in the solvent I and the solvent IL now becomes :
(pK,"')i -(pK,HX),, = (0.43/R T) (AG;-AG;) Combination of eqns. (5) and (6) gives:
(pK;"), -( pK,HX),, = (0.43/R T) (A&O -TAS: -AH,: + TAS;}
As an approximation the entropy part is neglected in relation to the enthalpy part. The enthaipy contains an electrical part, because in the dissociation a separation of charges occurs. The electric energy of an ion is given by: E clcc = .z2z2/2Dr (8) where E is the unit charge, z the valency of the ion, D the dielectric constant of the solvent, and Y the radius of the ion in solution. For reaction (1) eqn. (8) gives: (9) In the comparison of pK, values in solvents with the same dielectric constant, the electric energy part can be omitted if it is assumed that the ionic radii remain constant with change of solvent. The difference in pK, values of compound HX in solvent I and solvent II then reduces to:
If the differences of solvation of the compounds X-as well as HX between the solvents I and II are neglected, one gets:
In this case with the approximations stated, the difference of pK, of compound HX in the two solvents is completely determined by the difference in proton affinity of the two solvents. Thus it is possible to find the difference in basicity of these solvents under these conditions.
On the other hand, quantitative information about differences in basicity of solvents together with dielectric constant data and eqn. (9) , can be used to predict the pK, values which are of analytical interest.
pK, VALUES IN SOLVENTS WITH A RELATIVELY LOW DIELECTRIC CONSTANT
A comparison of the pK, values of various compounds in the solvents acetic acid, pyridine, m-cresol and 1,2-dichloroethane is given in solvents is the same. This means that the assumption that ionic radii remain ..constant going from one solvent to another is not entirely justified. The influence of a changing ionic radius upon the pf;(, difference is smallest for acids of the cation-type (see eqn. 9), so that in the determination of basicity differences of solvents, the best thing to do is to take into account the plc, values of these cationic acids. For these compounds the following relationships are valid in approximation:
(PKJdichlorocthane = (PQ,.WoI The basicity of these solvents thus increases in the order dichioroethane c m-cresolc acetic acid c pyridine
If it is assumed that the basicity of dichloroethane is 0 pK units, the basicity of m-cresol, acetic acid and pyridine becomes 3, 7 and 11 pK units, respectively.
From Table II , it can also be seen that for hydriodic acid, hydrobromic acid and hydrochloric acid, levelling occurs in pyridine and m-cresol. For tetramethylguanidine in m-cresol there is a basicity levelling. Comparison of the pli=, values of an electrically uncharged acid in two solvents with the same dielectric constant, shows that the difference between the pK, values is not equal to the difference in basicity of the two solvents. The same holds for anion-type acids. Equation (9) explains this behaviour, especially on the basis of differences in ionic radii.
In order to estimate the pli;, value of a compound in one of the solvents of the Brernsted classes 5-8, which is necessary to find a suitable titration, the following procedure can be used.
(u) Check if a pK, value of the compound, or a related one, is known in one of the solvents belonging to the Brensted classes 5-8.
(b) If necessary, extrapolate the value found in step a to the pK, value in the solvent to be used. Here it is necessary to take into account the difference in basicity between the various Brsnsted classes as well as the influences of difference in dielectric constant and the in'luence of the charge type of the compbund. Care should also be taken to deal with any levelling.
(c) Should the pK, value of neither the compound nor a related one be known in any of the solvents belonging to the BrPrnsted classes 5-8, then the pK, value of the compound in water must be extrapolated in the same way as given in step b.
ACCURACY OF TITRATIONS IN SOLVENTS WITH A RELATIVELY LOW DIELECTRIC CONSTANT
In all the cases investigated, the glass electrode behaves in the solvents belonging to the Brransted classes 5-8, according to the Nernst equatioxi. Potentiometry with the glass electrode is therefore very useful as an indication method for acid-base titrations in these solvents, especially Bs the results are more easily interpreted than with any other indication method, If it is assumed that the end-point of the titration can be taken as the point of the curve with maximal slope, this end-point can be detected experimentally with an accuracy of It 0.2 pH unit. From theoretical curves, calculated with the computer program EQUIL, 20, the corresponding accuracy of the titration can be found as a function of the various equilibrium constants of the reactions that take part in the titration. This is done for a few cases below.
For the simple case that the titration can be fully described by the equilibria HX=H++X-;
BfH+=BH+; BH++X-=BHX, the theoretically calculated curves for various combinations of Kf't ' and KyX with KUHX = 10m5 are given in Fig. 1 . Table III shows the accuracy of the titration as a fudnction of KgX and Kf"', The intluence of the ion-pair dissociation constant KzHx in this case can be seen from Fig. 2 ; Table IV shows the accuracy of the titration as a function of this K:"x_
Diffkmwtial titration of two crcitls
Sometimes, if differences in acidity are great enough, it is possible to determine the separate components in a mixture of acids with different strengths in xi- were taken to be lo-'; for KF"+ the value lo-" was taken. In Table V the accuracy of the titration as a function of the difference in pK, value between HX and HY is given. With greater values for KzEix and KiHY (still equal to each other), the accuracy of the second end-point decreases (see Fig. 4 and Table VI ). When the dissociation constant of the salt of the weakest acid (K.,BH') is smaller than that of the strongest acid (J(dHX ), the accuracy of the determination of the first end-point is less than in the case of equal salt dissociation constants. This happens because the weaker acid starts to react with the base before the first equivalence point. Quantitative data about this are given in Table VII and Fig. 5 . In the case of greater dissociation constants of the salt of the strongest acid (KzHX), the first end-point can be detected less accurately. Although the position of the second equivalence point is dependent upon this dissociation constant, the height of the break in the curve is not; hence the accuracy of the determination of the second end-point does not depend on the value of Kz"x (see Table VIII and Fig. 6 ):
Acid dimerizatiorr
The accuracy of the titration is influenced unfavourably by dimerization of the acid during titration. The titration curve can in this case be calculated with the use of the equilibria: In the titration curve dimerization shows by a higher start and a smaller slope up to the end-point (see Fig. 7 ). The effect of the dimerization constant K$nxh on the accuracy of the titration is very smafl. Only in the case KiHxl* > 104, the . determination of the end-point becomes less accurate, while owing to curve asymmetry, a systematic error occurs (Table IX) . TITRATIONS  IN NONAQUEOUS  SOLVENTS   TABLE 1X   INFLUENCE  OF THE DIMERIZATION  CONSTANT  IN THE 
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gives the titration curves represented in Fig. 8 . The accuracy of the end-point determination for various values of KFXt is given in Table X . Homoconjugation has a smaller effect when the dissociation constants of the acid and the salt BHX are small (Table XI) . Fig. 9 . Here an extra inflection point at half-neutralization is also possible. The accurac; of the endpoint determination for this titration is shown in Table XII .
Formation
DISCUSSION
The specifications which the equilibrium constants should meet in the different cases for a titration accuracy of +O.l% are summarized in Table XIII . It should be noted, however, that for many purposes less accurate results are sufficient, and for titrations with solutions with concentrations higher than 0.01 M the requirements for the equilibrium constants are less severe. Complex formation, like homoconjugation, etc. has an unfavourable influence on the accuracy of a titration. It is clear that to find a suitable solvent for a particular titrimetric analysis, one always has to take into account the chance of the occurrence of such complexes and the effect of these phenomena on the accuracy of the titration. Generally complications of this kind are rare in solvents with a high H-bond formation capacity. However, in such a solvent triple ion formation may occur. In comparison to solvents with higher dielectric constants, the solvents belonging to the Bronsted classes 5-8 offer some special advantages in acid_base titrations. For the same titration accuracy, the difference between the pK, values of the acid and the protonated base can be much smalter, which makes it possible to use mild stable titrants. Homoconjugation as well as triple ion formation does not much affect the accuracy of the titrations.
